CpG-island methylator phenotype (CIMP)-positive clear cell renal cell carcinomas (RCCs) are characterized by accumulation of DNA hypermethylation of CpG islands, clinicopathological aggressiveness and poor patient outcome. The aim of this study was to clarify the molecular pathways participating in CIMP-positive renal carcinogenesis. Genome (whole-exome and copy number), transcriptome and proteome (two-dimensional image converted analysis of liquid chromatography-mass spectrometry) analyses were performed using tissue specimens of 87 CIMP-negative and 14 CIMP-positive clear cell RCCs and corresponding specimens of noncancerous renal cortex. Genes encoding microtubule-associated proteins, such as DNAH2, DNAH5, DNAH10, RP1 and HAUS8, showed a 10% or higher incidence of genetic aberrations (non-synonymous single-nucleotide mutations and insertions/deletions) in CIMP-positive RCCs, whereas CIMP-negative RCCs lacked distinct genetic characteristics. MetaCore pathway analysis of CIMPpositive RCCs revealed that alterations of mRNA or protein expression were significantly accumulated in six pathways, all participating in the spindle checkpoint, including the "The metaphase checkpoint (p 5 1.427 3 10 26 )," "Role of Anaphase Promoting Complex in cell cycle regulation (p 5 7.444 3 10 26 )" and "Spindle assembly and chromosome separation (p 5 9.260 3 10 26 )" pathways. Quantitative RT-PCR analysis revealed that mRNA expression levels for genes included in such pathways, i.e., AURKA, AURKB, BIRC5, BUB1, CDC20, NEK2 and SPC25, were significantly higher in CIMP-positive than in CIMP-negative RCCs. All CIMPpositive RCCs showed overexpression of Aurora kinases, AURKA and AURKB, and this overexpression was mainly attributable to increased copy number. These data suggest that abnormalities of the spindle checkpoint pathway participate in CIMP-positive renal carcinogenesis, and that AURKA and AURKB may be potential therapeutic targets in more aggressive CIMP-positive RCCs.
Not only genetic, but also epigenetic events appear to accumulate during carcinogenesis, and both types of event in association with each other reflect the clinicopathological diversity of cancers.
1,2 DNA methylation alterations are among the most consistent epigenetic changes in human cancers. 3, 4 In well-studied cancers 5 such as colorectal cancer 6 and stomach cancer, 7 a distinct phenotype, which is significantly correlated with clinicopathological characteristics and involves accumulation of DNA hypermethylation of CpG islands, is defined as the CpG island methylator phenotype (CIMP).
Clear cell renal cell carcinoma (RCC) is derived from the proximal tubule, and is the most common histological subtype of kidney cancer in adults. 8 It has been shown that DNA methylation alterations play a significant role in renal carcinogenesis. 9, 10 Although Morris and Maher previously reported that the relevance of the CIMP-positive phenotype to RCCs had not yet been clearly defined, 11 we first identified CIMP-positive clear cell RCCs based on genome-wide DNA methylation (methylome) analysis 12 and showed that DNA hypermethylation of CpG islands in the FAM150A, GRM6, ZNF540, ZFP42, ZNF154, RIMS4, PCDHAC1, KHDRBS2, ASCL2, KCNQ1, PRAC, WNT3A, TRH, FAM78A, ZNF671, SLC13A5 and NKX6-2 genes was the hallmark of CIMP in RCCs. 13 CIMP-positive clear cell RCCs are clinicopathologically aggressive tumors: they have a larger diameter, show more frequent vascular involvement, infiltrating growth, and renal pelvis invasion, and also have higher histological grades and pathological TNM stages than CIMP-negative RCCs. 13 During the follow-up period after nephrectomy, the cancer-free and overall survival rates of patients with CIMP-positive clear cell RCCs have been shown to be significantly lower than those of patients with CIMP-negative clear cell RCCs. 13 Therefore, the molecular pathways responsible for generating CIMP-positive clear cell RCCs should be clarified, and therapeutic targets for affected patients should be identified.
Multilayer-omics analysis, involving genome, methylome, transcriptome and proteome analyses of the same tissue specimens, can be a powerful tool for revealing pathways that play a significant role in carcinogenesis. 14 In order to clarify the molecular pathways involved in CIMP-positive renal carcinogenesis and to identify therapeutic targets for CIMPpositive clear cell RCCs, we performed genome (whole-exome and copy number), transcriptome and proteome analyses in 87 CIMP-negative and 14 CIMP-positive clear cell RCCs.
Material and Methods

Tissue samples and methylome analysis
In our previous study, CIMP in the initial cohort was defined by unsupervised hierarchical clustering (Euclidean distance, Ward's method) based on single-CpG resolution methylome analysis using the Infinium HumanMethylation27 Bead Array (Illumina, San Diego, CA). 13 As the initial cohort, we used 87 paired samples of non-cancerous renal cortex tissue (N) and tumorous tissue (T) obtained from 87 patients with CIMP-negative clear cell RCCs and 14 paired samples of N and T obtained from 14 patients with CIMP-positive clear cell RCCs, giving a total of 101 paired samples of N and T. These patients did not receive preoperative treatment and underwent nephrectomy at the National Cancer Center Hospital, Tokyo, Japan. Histological diagnosis was made in accordance with the World Health Organization classification. 15 All the tumors were graded on the basis of previously described criteria 16 and classified according to the pathological Tumor-Node-Metastasis (TNM) classification. 17 Clinicopathological parameters of CIMP-negative and CIMP-positive patients are summarized in Table 1 .
In our previous study, we quantitatively evaluated the DNA methylation levels of 299 CpG sites on the 17 RCCspecific CIMP marker genes and established diagnostic criteria for reproducible diagnosis of CIMP-positive RCCs using receiver operating characteristic curve analysis. 18 Using these criteria, we additionally identified five CIMP-positive RCCs from the second cohort (n 5 100). 18 Five CIMP-positive RCCs from the second cohort were also included in this study and their clinicopathological parameters are summarized in Table 1 .
All patients included in this study provided written informed consent. This study was approved by the Ethics Committee of the National Cancer Center, Tokyo, and was performed in accordance with the Declaration of Helsinki.
Exome analysis
Whole exome analysis of genomic DNA was performed for the 101 paired samples from the initial cohort and the five paired samples from the second cohort using SureSelect Human All Exon 50 Mb (Agilent Technologies, Santa Clara, CA) and the Illumina HiSeq 2000 platform. Somatic nonsynonymous single-nucleotide mutations and insertions/deletions (indels) were called as described previously. 19, 20 Effects of amino acid substitutions on protein function due to single-nucleotide non-synonymous mutations have been estimated using the Sorting Intolerant from Tolerant (SIFT) (http://sift.jcvi.org) 21 and Polymorphism Phenotyping (PolyPhen)-2 (http://genetics.bwh.harvard.edu/pph2/), 22 and those due to indels have been estimated using SIFT. 23 All data from exome analysis will be submitted to the Genome Medicine Database of Japan (GeMDBJ, https://gemdbj.nibio.go.jp/ dgdb/). Data from whole-exome analysis of 66 RCCs included in the initial cohort have been published in another article 19 not focusing on CIMP.
Sanger sequencing
To verify the non-synonymous single-nucleotide mutations and indels of genes showing an incidence of genetic aberration of 10% or more in CIMP-negative and CIMP-positive RCCs in the initial cohort by exome analysis, the target sites and the flanking sequences of each patient's DNA template were amplified individually with specific primers designed software. All data from SNP microarray analysis will be submitted to GeMDBJ. Data from SNP microarray analysis of 66 RCCs included in the initial cohort have been published in another article 19 not focusing on CIMP.
Expression microarray analysis
The 95 paired samples of N and T from the initial cohort, from which total RNA samples were available, were subjected to expression microarray analysis. Total RNA was isolated using TRIzol reagent (Life Technologies). Two hundrednanogram aliquots of total RNA were used for the production of fluorescent complementary RNA, and all samples were hybridized to the SurePrint G3 Human Gene Expression 8 3 60K microarray (Agilent Technologies). The signal values were extracted using the Feature Extraction software (Agilent Technologies). The expression level (E value) of each gene was expressed as the log2-signal intensity. If the average E T was significantly higher than the average E N (Welch t test, p < 0.05), and DE (E T 2 E N ) was 2 or more, the mRNA expression of the gene was considered to be elevated in T samples relative to N samples. If the average E T was significantly lower than the average E N (Welch t test, p < 0.05), and the DE (E T 2 E N ) was 22 or less, the mRNA expression of the gene was considered to be reduced in T samples relative to N samples. All data from expression microarray analysis will be submitted to GeMDBJ.
Two-dimensional image converted analysis of liquid chromatography-mass spectrometry (2DICAL)
The 42 paired samples of N and T from the initial cohort, for which protein samples were available, were subjected to 2DICAL analysis. 26 One milligram of frozen tissue was digested using trypsin with 1% sodium deoxycholate, and the digested peptides were extracted in aqueous phase according to the phase transfer surfactant protocol. 27 The extracted peptide samples were dried and dissolved in 0.1% formic acid to the final concentration of 150 ng/ml, and analyzed in duplicate by nanoflow high-performance liquid chromatography (NanoFrontier nLC, Hitachi High-technologies, Tokyo, Japan) connected to an electrospray ionization quadrupole time-of-flight mass spectrometer (TripleTof 5600, AB Sciex, Framingham, MA). Mass spectrum peaks were detected, normalized, and quantified using our 2DICAL software package. 26 If the ratio of the expression level of T to the corresponding N (P T/N ) was 2 or more, the protein expression of the gene was considered to be elevated in the T sample relative to the N sample. If the P T/N was 0.5 or less, the protein expression of the gene was considered to be reduced in the T sample relative to the N sample. All data from 2DICAL analysis will be submitted to GeMDBJ. 
Pathway analysis
Quantitative RT-PCR analysis
The 88 paired samples of N and T from the initial cohort, from which additional total RNA samples were available even after the expression microarray analysis, and the five paired samples of N and T from the second cohort were subjected to quantitative RT-PCR analysis. cDNA was reversetranscribed from total RNA using random primers and Superscript III RNase H 2 Reverse Transcriptase (Life Technologies). Levels of expression of mRNA for the AURKA, AURKB, AURKC, BIRC5, BUB1, CDC20, NEK2 and SPC25 genes were analyzed using custom TaqMan Expression Assays on the 7500 Fast Real-Time PCR System (Life Technologies) employing the relative standard curve method. The probes and PCR primer sets employed are summarized in Supporting Information Table S1 . Experiments were performed in triplicate, and the mean value for the three experiments was used as the CT value. All CT values were normalized to that of GAPDH in the same sample. If the ratio of the expression level of T to that of the corresponding N (CT T/N ) was 4 or more, the mRNA expression of the gene was considered to be elevated in the T sample relative to the N sample. If the CT T/N was 0.25 or less, the mRNA expression of the gene was considered to be reduced in the T sample relative to the N sample.
Cell culture
The KMRC-2 renal cancer cell line was maintained in Dulbecco's Modified Eagle Medium-high glucose (Sigma-Aldrich, Ontario, Canada), and the renal cancer cell lines 769-P and 786-O were maintained in RPMI-1640 (Sigma-Aldrich), both supplemented with 10% fetal bovine serum, under 95% air and 5% CO 2 at 378C.
Transfection with small interfering RNA (siRNA)
Cells were seeded in a 96-well plate at a concentration of 1 3 10 4 cells/well. When cells had reached about 60% confluence, the medium was replaced with Opti-MEM V R I Reduced Serum Medium (Life Technologies). The cells were then transfected with either the Silence Select Negative Control #1 siRNA, AURKA miRNA or AURKB miRNA (Life Technologies) using Lipofectamine TM RNAiMAX reagent (Life Technologies) in accordance with the manufacturer's protocol. At 72 h after transfection, the expression level of mRNA for AURKA and AURKB was determined by quantitative real-time RT-PCR analysis. Transfected cells were then subjected to the MTS cell viability assay, cytotoxicity assay and cell apoptosis assay.
MTS cell viability assay
Cells transfected with control, AURKA and AURKB siRNAs were treated with CellTiter 96 V R Aqueous One Solution Reagent (Promega, Madison, WI) in accordance with the manufacturer's protocol. After 1 h, proliferation of the cells was measured by absorbance at 490 nm using an UltraMark Microplate Imaging System (Bio Rad, Hercules, CA). Results were presented as the mean 6 standard deviation of triplicate determinations.
Cytotoxicity assay
0.1% CellTox TM Green Dye (Promega) was added to the media of cells transfected with control AURKA and AURKB siRNAs, in accordance with the manufacturer's protocol. After a 72-h incubation, changes in membrane integrity resulting from cell death were monitored by measurement of fluorescence at excitation/emission wavelengths of 485 nm/ 535 nm using an ARVO-X3 microplate reader (Perkin Elmer, Waltham, MA). Results were presented as the mean 6 standard deviation for six determinations.
Cell apoptosis assay
Cells transfected with control, AURKA and AURKB siRNAs were treated with a Caspase-Glo V R 3/7 assay kit (Promega), in accordance with the manufacturer's protocol. After a 1-h incubation, the luminescent signal was measured on an ARVO-X3 microplate reader (Perkin Elmer). Results were presented as the mean 6 standard deviation of triplicate determinations.
Treatment with an inhibitor
Cells were seeded in a 96-well plate at a concentration of 3 3 10 3 cells/well and treated with VX-680 (0-3,000 nM, a pan Aurora Kinase inhibitor). 28 After a 72-h incubation, MTS assay was performed as described above. The viability of the untreated cells (negative controls) was considered to be 100%. The results were expressed as a percentage of absorbance relative to the negative control cells by subtracting the background absorbance of the non-cell control well. Relative viability 5 (experimental absorbance 2 background absorbance)/(absorbance of untreated controls 2 background absorbance) 3 100%. Each data point represents the mean 6 standard deviation for six determinations.
Statistics
Differences in the incidences of genetic aberrations and the incidences of overexpression or reduced expression of protein levels between sample groups were examined using Fisher's exact test and two-sample test for equality of proportions, at a significance level of p < 0.05. Based on expression microarray analysis and quantitative RT-PCR analysis, differences in mRNA expression levels between sample groups were examined using Welch's t test and Mann-Whitney U test, with a p values of less than 0.05 being considered as significant. For analysis of the expression microarray data obtained using 42,405 probes, Bonferroni correction was performed. Based on MetaCore pathway analysis, alterations in mRNA and protein expression were considered to be accumulated in pathways for which the p value was less than 0.05 in each of the CIMP-negative and CIMP-positive RCCs.
Results
Genetic aberrations in CIMP-negative and CIMP-positive clear cell RCCs
Average coverages in the whole-exome analysis for each sample are shown in Supporting Information Table S2 and the mean of the average coverage for the samples as a whole was 124.0. Somatic non-synonymous single-nucleotide mutations and indels of 3,828 and 537 genes were detected among the 101 clear cell RCCs, respectively. In total, 3,455 genes showed genetic aberrations (non-synonymous single-nucleotide mutations and/or indels) in RCCs in the initial cohort (Supporting Information Table S2 ). Genetic aberrations in the second cohort are summarized in Supporting Information Table S3 . In Supporting Information Table S4 , genetic aberrations in the both cohorts are summarized along with the previously described incidences of such aberrations in RCCs in the COSMIC database (http://cancer.sanger.ac.uk/cancergenome/ projects/cosmic/). Among these genes, 666 (marked with the superscript "c" in Supporting Information Table S4) showed novel genetic aberrations only in our cohort, and not in the COSMIC data. On the other hand, aberrations of none of the 3,662 genes listed in Supporting Information Table S4 showed a difference in incidence of 10% or more between our cohort and the COSMIC data; the genetic aberration profiles in our cohort were generally consistent with those for the COSMIC data. Supporting Information Table S5 compares in more detail the genetic aberration profiles of the well-known VHL 29 and PBRM1 30 genes in the initial cohort with those in the COSMIC data. Multiple non-synonymous single-nucleotide mutations and/or indels were again shared between our cohort and the COSMIC data, thus confirming the reliability of our whole-exome analysis. The total number of genes showing genetic aberrations (non-synonymous single-nucleotide mutations and/or indels) in CIMP-negative (n 5 87) and CIMP-positive RCCs (n 5 19 in both cohorts) was 2,894 and 1,037, respectively. The average number of genes showing genetic aberrations per case in CIMP-positive RCCs (59.53 6 43.49) was significantly higher than that in CIMP-negative RCCs (40.38 6 16.13, p 5 1.57 3 10 23 , Student's t-test): 46 genes showed significant differences in the incidence of genetic aberrations between CIMP-negative and CIMP-positive RCCs (p < 0.05, marked by superscript "a" in Supporting Information Table  S4 ), and 3,393 genes showed genetic aberrations only in CIMP-negative RCCs or only in CIMP-positive RCCs (marked by superscript "b" in Supporting Information Table  S4 ). Seventy-six genes showed a genetic aberration incidence of 10% or more in CIMP-positive RCCs (n 5 19), whereas only four genes did so in CIMP-negative RCCs (n 5 87) (Tables 2 and 3 Figure S1 . Effects of amino acid substitutions due to genetic aberrations on protein function estimated using SIFT and PolyPhen-2 software are shown in Tables 2 and 3 . The incidence of copy number loss (1 or less) and gain (3 or more) of the listed genes, detected using ASCAT and GPHMM software, is indicated in Tables  2 and 3 .
Alterations of mRNA expression in CIMP-negative and CIMP-positive clear cell RCCs
Supporting Information Cancer Genetics Supporting Information Table S7 (b) summarizes details of 288 and 400 genes that showed elevated and reduced levels of mRNA expression only in CIMP-positive RCCs (n 5 14), respectively. As shown in Supporting Information Table S7 , 697 genes showed statistically significant differences in DE values between CIMP-negative and CIMP-positive RCCs (p < 0.05, underlined).
Alterations of protein expression in CIMP-negative and CIMP-positive clear cell RCCs
Supporting Information Table S8 summarizes 200 genes that showed elevation (average P T/N of 2 or more) and reduction (average P T/N of 0.5 or less) of protein expression among all the clear cell RCCs examined (n 5 42, regardless of CIMP), along with the previously described Protein Atlas data (http://www.proteinatlas.org/cancer). Possibly due to differences in the analytical procedures employed, the protein expression profiles in our cohort were not completely consistent with those in the Protein Atlas database. Supporting Information Table S9 (a) summarizes details of 11 and 69 genes that showed elevation (P T / N of 2 or more) and reduction (P T / N of 0.5 or less) of protein expression at an incidence of 50% or more only in CIMP-negative RCCs (n 5 36), respectively, whereas Supporting Information Table S9(b) summarizes details of 109 and 76 genes that showed elevation and reduction of protein expression at an incidence of 50% or more only in CIMP-positive RCCs (n 5 6), respectively. As shown in Supporting Information Table S9 , 95 genes showed statistically significant differences in the incidence of elevated or reduced protein expression between CIMP-negative and CIMP-positive RCCs (p < 0.05, underlined).
With regard to the representative proteins ANXA2 and MSH2 included in Supporting Information Table S9(b), which showed elevated and reduced protein expression, respectively, in T samples compared to N samples by 2DICAL analysis, immunohistochemical examinations were performed on tissue specimens (Supporting Information Methods). Representative photos of the immunohistochemistry are shown in Supporting Information Figure S2 : elevated protein expression of ANXA2 and reduced protein expression of MSH2 in T samples relative to N samples were immunohistochemically verified, thus indicating the reliability of our 2DICAL analysis.
Pathway analysis
MetaCore pathway analysis using GeneGo was performed for 589 genes showing significantly elevated (p < 0.05 and DE [E T 2 E N ] of 2 or more, 297 genes in Supporting Information Table S7 [a]) and significantly reduced (p < 0.05 and DE [E T 2 E N ] of 22 or less, 215 genes in Supporting Information Table S7 [a]) mRNA expression only in CIMP-negative RCCs, and elevation (P T / N of 2 or more, 11 genes in Supporting Information Table S9 [a]) or reduction (P T / N of 0.5 or less, 69 genes in Supporting Information Table S9 [a]) of protein expression at an incidence of 50% or more only in CIMPnegative RCCs. Alterations of mRNA and protein expression were significantly accumulated in 18 GeneGo pathways (p < 0.05) in CIMP-negative RCCs (Table 4) .
MetaCore pathway analysis using GeneGo was also 2 The incidence of loss (copy number of 1 or less) or gain (copy number of 3 or more) detected using ASCAT or GPHMM in CIMP positive RCCs. 3 SNV and indel were simultaneously detected in some cases. Abbreviations: NA: not available using SIFT or PolyPhen-2; -: SNVs or indels of the gene were not detected.
an incidence of 50% or more only in CIMP-positive RCCs in the initial cohort. Alterations of mRNA and protein expression were significantly accumulated in 47 GeneGo pathways (p < 0.05) in CIMP-positive RCCs (Table 5 ). Six pathways shown in Table 5 , including the top four pathways in CIMPpositive RCCs, were all involved in the spindle checkpoint for cell cycle regulation: "Cell cycle_The metaphase checkpoint (p 5 1.427 3 10 ." MetaCore pathway analysis was also performed using 434 genes included in Supporting Information Table S7(b) for which the levels of mRNA expression differed significantly between CIMP-negative and CIMP-positive RCCs (underlined in Supporting Information Table S7 [b]), and 74 genes included in Supporting Information Table S9(b) for which the incidence of protein over-or under-expression differed significantly between CIMP-negative and CIMP-positive RCCs (underlined in Supporting Information Table S9 [b]). The aberrations of these 508 genes showing statistically significant differences between CIMP-negative and CIMPpositive RCCs were again significantly accumulated in the above six signaling pathways, all participating in the spindle checkpoint (Supporting Information Table S10 ). Table 6 lists the genes that showed overexpression at the mRNA or protein level and were involved in the above six pathways participating in the spindle checkpoint. These affected genes in the top pathway, "Cell cycle_The metaphase checkpoint (p 5 1.427 3 10
26
)," are also shown schematically in Figure 1 .
Quantitative RT-PCR analysis
Levels of mRNA expression for eight genes included in the top pathway, "Cell cycle_The metaphase checkpoint (p 5 1.427 3 10
26
, Table 5 and Fig. 1 Fig. 2a ). Quantitative RT-PCR analyses again revealed overexpression of mRNA for the AURKA, AURKB, BIRC5, BUB1, CDC20, NEK2 and SPC25 genes in the 5 CIMP-positive RCCs in the second cohort (Supporting Information Table S11 ). CIMP-positive RCCs from the initial and second cohorts again showed significantly higher levels of mRNA expression for the AURKA, AURKB, BIRC5, BUB1, CDC20, NEK2 and SPC25 genes relative to CIMP-negative RCCs (Supporting Information Fig. S3 ).
Knockdown experiments
Based on the DNA methylation levels of RCC-specific CIMP marker genes and the levels of mRNA expression for AURKA and AURKB, the RCC cell line KMRC-2 was considered to be a CIMP-negative model, whereas 769-P and 786-O were CIMP-positive model RCC cell lines. mRNA levels of AURKA and AURKB were successfully reduced after transfection with siRNA (Fig. 2b) . Knockdown of AURKA and AURKB in CIMP-positive 769-P and 786-O resulted in a reduction of cell viability revealed by MTS assay, whereas no such reduction of viability was observed in CIMP-negative KMRC-2 (Fig. 2b) . Moreover, a cytotoxicity assay revealed an increase of cell death, and an apoptosis assay revealed activation of caspase-3 and caspase-7 after knockdown of AURKB in 786-O (Fig. 2b) . 
Discussion
We had previously identified CIMP-positive clear cell RCCs characterized by accumulation of DNA hypermethylation of CpG islands using methylome analysis. 13 In order to clarify molecular pathways participating in the generation of CIMP-positive clear cell RCCs and to identify therapeutic targets for patients with CIMP-positive RCCs showing a poorer outcome, multi-layer omics analysis, i.e., genome, transcriptome and proteome analyses, were performed using tissue specimens of CIMP-negative and CIMP-positive RCCs and corresponding samples of non-cancerous renal cortex.
In CIMP-negative clear cell RCCs, the number of genes showing an incidence of somatic mutations of 10% or more was only four ( Table 2 ). The incidences of somatic mutations of the four genes in CIMP-negative RCCs did not differ significantly from those of the same genes in CIMP-positive RCCs. These data indicated that CIMP-negative RCCs lacked distinct genetic characteristics.
On the other hand, CIMP-positive clear cell RCCs showed aberrations of tumor-related genes such as BAP1 40 and ATM. 41 Whether or not aberrations of genes involved in histone modification, such as NCOA1, 35 22 scores have suggested that many of the amino acid substitutions due to genetic aberrations listed in Table 3 could potentially affect protein functions in CIMPpositive RCCs.
We also performed MetaCore pathway analysis of genes showing frequent aberrations of the transcriptome (expression microarray) and/or proteome (2DICAL) to reveal the molecular pathways significantly participating in renal carcinogenesis. Even though 589 genes had shown significant alterations of mRNA and/or protein expression, MetaCore software analysis revealed that such abnormalities were accumulated in only 18 pathways in CIMPnegative RCCs (Table 4) . CIMP-negative RCCs lacked not only distinct genetic characteristics but also distinct expression characteristics at both the mRNA and protein levels.
On the other hand, in CIMP-positive RCCs in the initial cohort, MetaCore pathway analysis revealed that abnormalities of the transcriptome and proteome layers were accumulated in 47 molecular pathways. Among them, six pathways including the top four were involved in the spindle checkpoint for cell cycle regulation ( Table 5 ). Overexpression of mRNAs for the genes included in the top pathway "Cell cycle_The metaphase checkpoint (p 5 1.427 3 10
26
, Fig. 1 48 was confirmed using quantitative RT-PCR analysis in the same tissue specimens of CIMP-positive RCCs relative to CIMP-negative RCCs. mRNA or protein overexpression of the 27 genes involved in the above six pathways participating in the spindle checkpoint (Table 5 and Fig. 1) , as well as their copy number alterations, are summarized in Table 6 . All 14 CIMP-positive RCCs in the initial cohort (100%) possessed multiple abnormalities of these genes participating in the spindle checkpoint. Overexpression of mRNA for the AURKA, AURKB, BIRC5, BUB1, CDC20, NEK2 and SPC25 genes was confirmed even in the 5 CIMP-positive RCCs of the second cohort (Supporting Information Table S11 and Supporting Information Cancer Genetics Table 6 . liquid chromatography-mass spectrometry (P T/N was 2 or more). A, increased copy number detected by single nucleotide polymorphism (SNP) microarray analysis (copy number is described in parentheses). L, copy number loss detected by SNP microarray analysis (copy number is described in parentheses). Fig. S3 ). These data suggest that dysregulation of the spindle checkpoint plays a key role in CIMP-positive renal carcinogenesis. It is well known that AURKA (Aurora-A) and AURKB (Aurora-B) are key kinases in the spindle checkpoint. 42, 43 All 14 CIMP-positive RCCs (100%) showed overexpression of AURKA and AURKB (Table 6 ). ASCAT 24 and GPHMM 25 analyses based on SNP microarray data revealed that overexpression of the AURKA and AURKB genes was associated with increased copy number (3 or more) in 10 (71%) out of 14 CIMP-positive RCCs ( Table 6 ), indicating that such overexpression was mainly attributable to increased copy number in CIMP-positive RCCs. All 5 CIMP-positive RCCs in the second cohort again showed increased copy numbers of the AURKA or AURKB genes (Supporting Information  Table S11 ). AURKA and AURKB could be possible therapeutic targets in CIMP-positive RCCs. Several Aurora kinase inhibitors have already been developed, and are undergoing clinical trials in patients with malignant tumors such as hematological malignancies. 50 Since CIMP-positive RCCs have a poorer outcome, CIMP diagnosis may be applicable for clinical prognostication. In addition, our CIMP diagnostic approach for clear cell RCCs may be useful as a diagnostic adjunct for personalized medicine. If CIMP diagnosis reveals CIMP negativity in tissue specimens from surgically resected materials, then the risk of recurrence and metastasis would be considered low, and the patient would not require adjuvant therapy. On the other hand, if surgically resected materials were shown to be CIMP-positive, the risk of recurrence and metastasis would be considered high, and Aurora kinase inhibitors might be effective in this situation. Moreover, adjuvant therapy using Aurora kinase inhibitors would be advisable immediately after nephrectomy in patients with CIMP- Table 5 ) evaluated by quantitative reverse transcription-PCR analysis. Average levels of mRNA expression for AURKA, AURKB, BIRC5, BUB1, CDC20, NEK2 and SPC25 in CpG island methylator phenotype (CIMP)-positive renal cell carcinomas (RCCs) (n 5 14) were significantly higher than those in CIMP-negative RCCs (n 5 74) (P 5 2.447 3 10 
